In normal human cells, oncogene-induced senescence (OIS) depends on induction of DNA damage response (DDR). Oxidative stress and hyper-replication of genomic DNA have been proposed as major causes of DNA damage in OIS cells. Here we report that downregulation of deoxyribonucleoside pools is another endogenous source of DNA damage in normal human fibroblasts (NHF) undergoing HRAS . However, overexpression of TS and RR in quiescent NHF did not overcome proliferation arrest, suggesting that unlike quiescence, OIS requires depletion of dNTP pools and activated DNA replication.
Introduction
Oncogene-induced senescence represents an important fail-safe mechanism that suppresses proliferation of pre-malignant cells (1) (2) (3) . Compelling evidence suggests that the response to DNA damage is one of the intrinsic processes required for the induction of OIS (4) (5) (6) (7) . It has been shown that aberrant activation of HRAS in human fibroblasts induces hyperreplication of genomic DNA which leads to alterations in progression of DNA replication fork, generation of single and double strand DNA breaks (SSB and DSB, respectively) and activation of DNA damage response (DDR) (6) . SSB induce DDR by engaging serine/threonine-protein kinase ATR (ataxia telangiectasia and Rad3-related protein) that transmits signaling to checkpoint kinase 1 (CHK1) (8) . CHK1 phosphorylates CDC25 protein, one of the key regulators of cell cycle progression, and targets it for degradation (8) . DSB initiate DDR that depends on another serine/threonine protein kinase, ATM (ataxia telangiectasia mutated) (9) .
Activation of ATM results in phosphorylation of several targets, including the histone H2A variant H2AX (10), p53 tumor suppressor (11, 12) and CHK2 kinase (13) . Both ATR and ATM signaling pathways are activated in normal human fibroblasts (NHF) undergoing HRAS G12V -induced senescence (4-7), while ATM and CHK2 are required for this senescence since their individual shRNA-mediated inhibition enabled NHF to overcome proliferation arrest and other senescence-associated phenotypes (6, 7) .
At the same time, studies conducted in yeasts and mammalian cells demonstrate that stalling of DNA replication fork and activation of ATR/CHK1 and ATM/CHK2 pathways can be induced by pharmacological depletion of all or selected nucleotide pools (14, 15) . In the present study, we investigated endogenous processes that caused DNA damage in human fibroblasts undergoing oncogene-induced senescence and demonstrated that DNA damage at least partially 4 originates from under-expression of key enzymes involved in de novo deoxyribonucleoside biosynthesis and subsequent depletion of endogenous dNTP pools. We propose that nucleotide deficiency caused by aberrant expression of activated HRAS contributes to oncogene-induced senescence.
Materials and Methods

Cell lines and populations
Normal human fibroblasts WI-38 were purchased from ATCC. BJ-ET-RAS G12V -ER TAM fibroblasts were a gift from Dr. Andrei Gudkov (RPCI). Cells were cultured in Dulbecco's modified Eagle's essential minimal medium supplemented with fetal calf serum (10%), 2 mM glutamine, and 100 units/ml penicillin G + 100 g/ml streptomycin.
Lentiviral constructs and infection
Lentiviral infection protocols and vectors containing cDNAs of HRAS G12V were described previously (16) . pLKO1 vector containing shRNA for RR2 was purchased from Sigma Aldrich.
cDNA for TS, RR1 and RR2 were amplified by reverse-transcription polymerase chain reaction from total RNA isolated from human melanoma cells and cloned in pLV-SV-puro expression vector (a gift from Dr. Peter Chumakov, Cleveland Clinic).
Assays for cell proliferation and senescene
For the proliferation assay, cells were plated in 96-well plates at ~50% confluence two days prior to the assay. Cells were incubated with a nucleoside analog of thymidine, 5-ethynyl-2´-deoxyuridine (EdU), for 60 minutes followed by fixation and staining for EdU-incorporated cells using the ClickiT™ EdU Assay kit (Invitrogen). 
Nucleotide triphosphate quantification
Nucleotide triphosphates were extracted and assayed as described previously (17, 18) . All measurements were performed in quadruplicate, and data recorded as standard deviation of the mean. For convenience data are presented in the respective figures in terms of arbitrary units.
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However, the actual pool sizes determined, in pmol/cell, were comparable to values previously reported for cultured mammalian cells (18) .
Chromatin Immunoprecipitation
Interactions between RB, H3K9 3Me and the promoters of TS, RR1 and RR2 were assessed using the EZ-Chip kit from Millipore according to the manufacturer's recommendations with the 
FACS Analysis
Cells were pelleted, resuspended in phosphate-buffered saline containing 0.5% fetal calf serum (PBS-S) and fixed in 70% ethanol. The cells were washed in PBS-S, resuspended in PBS-S containing propidium iodide (Sigma-Aldrcih), incubated for 30 min at 37°C and analyzed using a FACScan fluorescence activated cells sorter (BD Biosciences). Figure 1A ). We found that although overexpression of HRAS G12V depleted both pools of nucleotide triphosphates, levels of rNTPs were affected less severely than dNTPs levels (20%-50% versus 60%-80% reduction, Figure 1B ). Unlike de novo ribonucleotide biosynthesis pathways that include multiple enzymatic activities, the entire de novo biosynthesis of deoxyribonucleosides is largely controlled by only two enzymes. Ribonucleotide reductase (RR) converts ADP, CDP, GDP and UDP respectively to dADP, dCDP, dGDP and dUDP (19) .
Results
HRAS
Thymidylate synthase (TS) catalyzes the de novo synthesis of dTMP from dUMP (20) . Thus, we measured expression levels of TS and both subunits of RR (RR1 and RR2) in control and HRAS
G12V
-expressing WI-38 cells by western blotting 6 days post-infection. We found that like dNTP pools, the levels of these enzymes were significantly depleted in senescent fibroblasts ( Figure 1C) . Additionally, the expression of a gene encoding thymidine kinase 1 (TK1), a key enzyme required for the salvage deoxyribonucleoside synthesis (21) , was also down-regulated in senescent cells.
Co-expression of TS, RR1 and RR2 or addition of deoxyribonucleosides reduces DNA damage and OIS in NHF
The highest expression of thymidylate synthase and ribonucleotide reductase has been reported in the S-phase of the cell cycle (22, 23) . Therefore, depletion of TS, RR, and dNTP pools in 
Overexpression or thymidylate synthase and ribonucleotide reductase or addition of exogenous deoxyribonucleosides does not suppress quiescence in normal human fibroblasts
We were interested in addressing the role of thymidylate synthase and ribonucleotide reductase overexpression in suppressing quiescence of NHF, a form of temporary arrest of DNA replication that is not associated with DNA damage and can be achieved by serum deprivation (4, 24) . Incubation of WI-38 cells in medium devoid of fetal bovine serum (FBS) for 48 hours resulted in substantial down-regulation of TS, RR1 and RR2 ( Figure 6A ), however, no increase was detected in the number of H2AX--positive cells ( Figure 6B ), suggesting that no DNA damage was present. Importantly, continuous supplementation with deoxyribonucleosides of FBS-free culture media did not even partially affect proliferation arrest as was determined by EdU incorporation at day 5 after replacing the culture medium ( Figure 6C ). Accordingly, the same assay demonstrated that proliferation of TRR-expressing WI-38 cells (described above)
was suppressed by serum withdrawal as efficiently as the proliferation of control 3V cells ( Figure 6C ). Thus, we concluded that unlike oncogene-induced senescence, overexpression of thymidylate synthase and ribonucleotide reductase or supplementation with deoxyribonucleosides does not suppress quiescence in normal human fibroblasts.
Promoters of TS, RR1 and RR2 interact with RB and undergo heterochromatization in senescent HRAS
G12V -WI38 cells
Transcription levels of RR1, RR2 and TS can be up-regulated by ectopic expression of E2F1 It is known that transformed cells utilize aerobic glycolysis as a major pathway for biosynthesis of adenosine triphosphate, a process called the "Warburg effect" (35) . Recently, several groups reported that the enhanced rates of glycolysis occur largely due to the increased demand of a transformed cell for macromolecule components including nucleotides that can be synthesized from glycolytic metabolites (36, 37) . Bypassing senescence is considered an initial step in oncogenic transformation and our data suggest that elevation of nucleotide levels is an important prerequisite for this step. Thus switching to aerobic glycolysis to increase nucleotide pools may be required already at early stages of tumorigenesis.
Our results suggest that both nucleotide depletion and active DNA replication are Cells were infected and treated as in (a) followed by dNTPs extraction and quantification 6 day after infection. All dNTP amounts were normalized by the amounts detected in "vector" cells. 
